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I. INTRODUCTION

In recent years the Defense Nuclear Agency (DNA) has
sponsored research concerning the loading and response of pro-
jectiles during earth penetration as part of its Earth Pene-
trating Weapons Technology Program. These studies nave been
designed to increase our understanding of the process of pene-
tration of earth materials by high velocity projsctiles. This
work has included numerical computer modeling of the pene-
tration process, experimentel simulation of peaetration, and
experimental investigation of phenomenoclogy related to
penetration. One of the phenomenu considered to be important
in proper simulation or modeling of the ' enetration process
is the friction that exis”s between the high velocity steel
penetrator and the rock or soil material that it is penetrating.
Very little previous work has been done to determine friction
coefficients between rock and stecl at velocities in excess of
5 m/s and high normal stresses. As a consequence, Systems,
Science and Software (S’) has undertaken an experimental
inve-~tigation for DNA, of frictional forces between rock and
steel auv high sliding velocity (up to 30 m/s) and high normal
stress .

An existing rotary visco.cter, develcped f(r DNA under
a previous contract, was modified tc measure frictional stresses.
The details of tlLis device and its ‘nstrumentation have been
reported in a previous report(l}. However, for convenience,
a brief descrip*ion of the inrstrumentation and its operation
is given in Section 1I. In Section III of this report the data
that has been cbtained on five rocks and two other materials
is presented. Secti-:n IV discusses the results and their
implications for earth penetrating vehicles.
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II. TEST EQUIPMENT AND INSTRUMENTATION

We have modified a rotary viscometer (developed for DNA
under contract DNAQ01-74-C-0077) to permit measurement of
friction between rock samples and a flywheel of low carbon (1020)
steel. The arrangement is shown schematically in Figure 2.1.
The wheel is set rotating with no 1load on the wheel. When the
wheel has reached the desired rotational speed two rock sam-
ples are pressed onto opposite radii of the flywheel for about
200 msec. This load duration was chosen so that the load could
reach a steady value and so t*at the sample would be sliding on
a fresh surface for the lowest initial velocities used (10 m/s).
The normal and tangential loads are measured during this event.
Data from all four load cells are recorded on an oscilloscope.
The rotational velocity is measured by a photodetector which
looks at a pattern attached to the axis of the flywheel. This
pattern repeats ten times per revolution. The test interval
ranged from a half€ to one and a half revolutions. The photo-
detector output is also recorded on an oscilloscope. Figure 2.2
shows a typical set of raw data. Data presented in this report
are taken from the first 50 msec of the recorded traces so that
they refer to a fresh steel surface. After each test the wheel

was resurfaced without lubrication using a coru..” m grinder.
III. RESULTS

Ss® has used the instrumentation described above to
measure frictional properties of five rocks, bronze and teflon
sliding on steel at velocities between 10 and 30 m/s. The
materials studied are described in Table 3.1. Data, in the form
of sliding velocity (c), normal stress* (o) and tangential
stress (1), are shown in Table 3.2 for tuff from the Tonopah
Test Range (TTR;; in Table 3.3 for dry Dakota sandstone; in
Table 3.4 for .et Dakota sandstone; in Table 3.5 for Solenhofen

*
These are average stresses, i.e., total force # sample area.
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(a) Sample J/11

Upper Trace
Normal Load
2 yv/div = 35.6 kN/div

Lower Trace
Tangential Load
1 v/div 2 17.8 kN/div

50 ms/div

(b) Sample N/7

Upper Trace
) Normal Load
- 2 v/div £ 35.6 kN/div

Lower Trace
Tangential Load
1 v/div = 17.8 kN/div

50 ms/div

(c) Velocity

Tachometer Output
1 cycle = 1/10 rev
Sweep Rate = 50 ms/div

Figure 2.2 Typical raw data records. CO = 10 m/s; normal
load, 6.7 MPa.
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Table 3.1 Description of materials tested.

Tuf£2

Sandstone®

Limestone

Groutb

Bronze

Teflon

b

A welded tuff from the Tonopah Test Range,
Nevada. Aphanitic to glassy matrix with
several percent lithic fragments and feldspar
clasts, p ~2.6 g/cm’.

A quartz sandstone from the Dakota formation
near San Ysidro, New Mexico. Porosity =~20%,
p ~2.2 gm/cm®. "Dry" samples were air dried
for several days. "Wet" samples were soaked
in water overnight, mounted in test cell less
than 5 minutes before test.

Lithographic limestone from Solenhofen,
Germany, p = 2.6 gm/cm’.

Sand-cement mix formulated by AVCO Corp.
660 bronze 83% Cu, 7% Sn, 7% Pb, 3% In.

Polytetrafluorethylene.

3prom the site of full-scale DNA projectile penetration

field tests.

bTypical of targets used in half--scale DNA reverse ballistic

B TP D  § g,

penetration experiments.
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Table 3.2 Raw friction data for welded tuff
sliding on steel.

Test C g T
No. (m/s) (MPa) (MPa)

75F10 10 12.5 7.2

: 13.4 7.5
f 75F15 10 11.2 4.8
75F18 10 30.0 13.2
75F22 10 66.3 26.5

69.5 24.3

75F11 20 13.4 5.6

4 13.4 5.4
75F14 20 11.6 4.4
8.5 3.1

75F17 20 49.8 13.9

45.7 14.6

75F21 20 65.4 17.0

64.1 16.0

75F12 30 14.3 5.7

14.3 6.0

75F13 30 16.1 8.1

16.6 6.0
i 75F16 30 45.2 13.1
? 43.9 12.3
75F19 30 33.9 8.7

75F20 30 55.1 12.7

52.0 12.0

76F47 30 107.0 11.4

E 10
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Table 3.3 Raw friction data for dry sandstone
sliding on steel.

Test c o T
No. (m/s) (MPa) (MPa)
76F01 11 13 4.6
5.6
76F04 10 23 5.8
8.5
76F07 12 47 14.1
17.4
76F02 20 15 4.8
4.2
76F05 23 29 9.6
6.6
76F08 20 59 8.9
7.1
76F03 32 15 6.3
76F06 32 22 7.0
6.6
76F09 32 46 10.1
11.5

11




Table 3.4 Raw friction data for wet sandstone
sliding on steel.

Test c g T
No. (/s) (MPa) (MPa)
76F22 10 14.3 3.8
10 13.7 6.1
76F24 10 15.7 4.7
76F27 9.7 34.5 14.3
9.7 40.6 13.7
76F20 20 17.2 3.0
76F25 20 21.9 5.7
20 25.1 5.9
76F28 19 61l.1 10.9
76F21 31 18.3 4.0
31 16.7 3.3
76F26 31 30.5 5.3
76F29 30 51.7 10.0




Table 3.5 Raw friction data for limestone
sliding on steel.

Solenhofen limestone

Test

c o T
No. (m/s) (MPa) (MPa)
76F48 29.3 13.4 1.5
15.7 1.1

76F50 29.3 38.5 4.6
37.6 3.6

76F52 29.4 43.9 3.0
47 .0 2.5

76F49 14.8 36.6 4.6
42.3 3.8

76F51 14.8 76.9 7.4
81.4 5.3

—
—— R T p—— T

h”mﬂwmwwwwwwmmﬂmw oy e s o

'
y

13
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limestone; in Table 3.6 for sand-cement grout; in Table 3.7
for 660 bronze; and in Table 3.8 for teflon (polytetrafluor- -’
ethylene). The data are also presented graphically in Figures
3.1 through 3.6, respectively. Some of the i?ta on tuff and

(

dry sandstone have been reported previously .

Attempts to measure the frictional properties of two
soils, Buckshot clay and clay from White Sands missile range,
proved unsuccessful due to the very low strength of the soils.
Specimens of all the soil and all the rock materials except
Solenhofen limestone were supplied by Waterways Experiment
Station (WES). The limestone was provided by Dr. Karl Schuler
of Sandia Laboratories and machined by WES.

Iv. DISCUSSION

4.1 A General Friction Law

(l), we demonstrated that all of

In the earlier report
the frictional data on TTR tuff obtained for normal stresses
below 70 MPa could be explained with a linear dependence of t
on ¢ with the friction coefficient y decreasing as the sliding
velocity increased. During the last year's contract effort,
one additional measurement was made with TTR tuff sliding on
steel at a velocity of 30 m/s and a normal stress of over 100
MPa. The results of this experiment did not follow the same
relations as the lower stress tests. As a result we must find
a new relation between the tangential stress 1, and the normal
stress 0.

Such a relation was suggested by D. K. Butler of the

WES(Z). Butler suggested a friction law of the form

_0'/0-*

T =T_+ U0 e (1)

(o]

where TO and ¢* are constants with units of stress.

14
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Table 3.6

Raw friction data for sand-cement grout

sliding on steel.

Test C o) T
No. (m/s) (MPa) {MPa)
76F13 10 29 7.8
26 6.2
7T6F16 10 46 10.6
76F11 22 13 4.9
13 5.1
76£14 21 33 9.9
33 7.6
76F17 20 42 7.6
42 8.8
76F12 33 14 4.9
14 4.5
76F15 30 30 5.0
30 6.3

15
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Table 3.7 Raw friction data for bronze
sliding on steel.

Test c o T

No. (m/s) (MPa) (MPa)
76F37 20 35.1 4.2
76F38 20 34.0 4.1
76F39 20 44.5 4.5
76F40 20 41.0 5.3
76F41 20 45.7 6.5
76F42 20 296.0 14.8

16
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Table 3.8 Raw friction data for teflon sliding on steel.

Test

c o T
No. (m/s) (MPa) (MPa)
76F43 20 13.9 1.7
76F44 20 23.6 1.9
76F45 20 36.3 2.1
76F46 20 44.2 2.1

17
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Attempts to apply this relationship to the data obtained on
TTR tuff worked quite well for any given sliding speed.
liowever, it was found that the value of o¢* best suited to
each sliding velocity varied proportional to the sliding
velocity. A zero value for T fit the data well. Therefore,
we have empirically modified the relationship and used the

general form
(2)

whare o is the normal stress, c¢ the sliding velocity, Tt the

tangential stress and 1 and § are material-dependent parameters.

Application of Equation (2) to the data results in
reduction of data from all sliding velocities to a single
linear relation

T = MC ¢e (3)

- £
where Ougg = O€ CO/’. For a value of { equal to 2.0 GPa m/s,

the recast data for TTR tuff are shown in Figure 4.1. A straight
line of clope 0.5 has been drawn through the data. The stan-
dard deviation of the differences between the observed values

"

of 1 and those indicated for the linear dependence is 1.04 MPa.

P Loy

Encouraged by these results, we attempted to apply the
analysis to other materials. Values of u and £ found to give
v good fits to the data are shown in Table 4.1. Also shown is
i the standard deviation of the difference between observed
' tangential forces and those calculated using Equation (2)
and the values of Table 4.1. The values of all parameters
were chosen by inspection and are not the result of a least
E squares or similar curve-fitting procedure. Furthermore, the
% value § used for all rocks and rock-like materials was chosen
to be the same as that used for TTR tuff. Although this
choice is somewhat arbitrary, changing £ from 2.0 to 1.5
GPa.m/s does not have a significant effect on the standard
deviation of the difference between calculated and observed

24
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oeff(MPa)

i Figure 4.1 Frictional data for welded tuff recast in terms
of 0 _fe- Symbols as in Figure 3.1.
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Table 4.1 Frictional properties of rocks and

other materials studied.

‘calc

ROCK u (GPa%m/s) (Mga)
Tuff .50 2.0 1.04
Sandstone (Dry) .39 2.0 2.33
Sandstone (Wet) .34 2.0 1.83
Limestone .14 2.0 0.88
Grout .34 2.0 1.17
Bronze .13 6.6 0.80
Teflon .20 0.6 0.13

*s = Standard deviation of 1 - T.
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values of 1. However, it does result in a marked change in
the y which must be used to best fit the observed data. The
linearized data for all materials studied are presented in

Ta' . 4.2 and shown graphically in Figures 4.2 through 4.7.

It was found that data for bronze and teflon could not
be fit with a value of §{ of 2 GPa*m/s. For teflon a lower
value of 0.6 GPa*m/s was required to obtain a reasonable fit
to the observed data. For bronze a much higher value of
6.6 GPa*m/s was used. With these values of §, good fits to
all of the observed data were obtained.

4,2 Significance of the Factor §

The factor § used in the exponential relationship to
convert from observed normal stress, o, to effective normal
stress, Ooff has the units of pressure times velocity.
Alternatively, it may be expressed in terms of energy per
unit area per unit time, or power per unit area. This dimen-
sionality of £ suggests that it should be related to the

power dissipation at the sliding interface.

Although accurate values of thermal conductivity are
not available for any of the materials studied, we can esti-
mate conductivities based on literature values. Taking
values of 6 x 10™*, 6 x 10~% and 0.45 (cal/cm?-sec)/(deg/cm)
for the teflon, a "typical" rock, and bronze, respectively,

we find that the valnes of £ (0.6, 2 and 6.6 GPa*m/s, respectively)

increase with the thermal conductivity of the sample. It is
exactly what we would expect if { were indeed a power per unit
area lost at the sliding surface and if the loss were controlled
by thermal conductivity into the sample. In fact, energy pro-
duced at the interface is lost both to the sample and to the
wheel, and to the air through ablation. Since conductivity of
steel is much greater than that of rocih, =2ssentially all con-
ductive heat must be lost to stezl. Heat is also lost by abla-
tion, which is probably the greatest heat sink. Thus, the rela-
tion of § to thermal conductivity may not be meaningful.

2

27




Table 4.2

Oeff = 0 exp(-co/f),

Friction data recast in the form

1 = |
calc Hoo

eff
Test c o Oeff T Tcalc Material
No. (m/s) (MPa) (MPa) (MPa) (MPa) ateria
75F10 10 12.5  11.7 7.2 5.9
13.4 12.5 7.5 6.2
75F15 10 11.2 10.6 4.8 5.3
75F18 10  30.0 25.8 13.2 12.9
75F22 10 66.3 47.6 26.5  23.8
69.5 49.1 24.3  24.6
75F11 20  13.4  11.7 5.6 5.9
13.4  11.7 5.4 5.9
75F14 20 11.6  10.3 4.4 5.1
8.5 7.8 3.1 3.9 Tufs
75F17 20 49.8 30.3 13.9 15.1 _ .
45.7 28.9 14.6 14.4 € = 2.0 GPa*m/s
75F21 20 65.4 34.0 17.0 17.0 wo=0.50
64.1 33.8 16.0 16.9
75F12 30  14.3  11.5 5.7 5.8
14.3 11.5 6.0 5.8
75F13 30  16.1 12.6 8.1 6.3
16.6 12.9 6.0 6.4
75F16 30 45.2  22.9 13.1 11.4
43.9  22.7 12.3 11.3
75F19 30 33.9  20.4 8.7 10.2
75F20 30  55.1 24.1 12.7 12.0
52.0 23.8 12.0 11.9
76F47 30 107.0 21.5 11.4 10.8




Table 4.2 (continued)

T

Test c G geff 1 calc Material
No. {(m/s) {MPa) (MPa) (MPa) (MPa)
! 76F22 10 14.3 13.3 3.8 4.5
10 13.7 12.8 4.4 6.1
76F24 10 15.7 14.5 4.7 4.9

70F27 9.7 34.5 29.2 14.3 9.9
9' 3. .

76F20 20 17.2 14.5 3.0 4.9 Wet Sandstone
76F25 20 21.9 17.6 5.7 6.0 £ = 2.0 GPa‘m/s
20 25.1 19.5 5.9 6.6
n = 0.34
76F28 19 61.1 34.2 10.9 11.6
76F21 31 18.3 13.8 4.0 4.7
31 16.7 12.9 3.3 4.4
{- 76F26 31 30.5 19.0 5.3 6.5
76F29 30 51.7 23.8 10.0 8.1
\
76F01 11 13 12.1 4.6 4.7
11 13 12.1 5.6 4.7
76F04 10 23 20.5 5.8 8.0
10 23 20.5 8.5 8.0
; 76F07 12 47 35.5 14.1 13.8
: 12 47 35.5 17.4 13.8
: 76F02 20 15 12.9 4.8 5.0 Dry Sandstone
. 20 15 12.9 4.2 5.0
; £ = 2.0 GPa m/s
] 76F05 23 29 20.8 9.6 8.1
, 23 29  20.8 6.6 8.1 o= 0.39
; 76F08 20 59  32.7 8.9 12.8
B 20 59  32.7 7.1 12.8
76F03 32 15 11.8 6.3 4.6
76F06 32 22 15.5 7.0 6,0
32 22 15.5 6.6 6.0
76F09 32 46 22.0 10.1 8.6
32 46  22.0 11.5 8.6
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Table 4.2 (continued)

Test c o 0eff T Tcalc
No. (m/s) (MPa) (MPa) (MPa) (MPa) Material
76F48  29.3  13.4 11.0 1.5 1.5
15.7  12.5 1.1 1.8
76F50 29.3  38.5  21.9 4.6 3.1 .
37.6 21.7 3.6 3.0 | Dimestone
76F52 29.4  43.9  23.0 3.0 3.2 § = 2.0 GPa*m/s
47.0  23.6 2.5 3.3 4 - o0.14
J6F49  14.8 36.6  27.9 4.6 3.9
42.3  30.9 3.8 4.3
76FS1  14.8 76.9  43.5 7.4 6.1
81.4  44.6 5.3 6.2
76F13 10 29 25.1 7.8 8.5 \
26 22.8 6.2 7.8
76F16 10 46 36.5 10.6  12.4
76Fl1 22 13 11.3 4.9 3.8
13 11. 5.1 3.8 | cloue
76F14 21 33 23.3 9.9 7.9
33 23.3 7.6 7.9 £ = 2.0 GPa*m/s
) 76F17 20 42 27.6 7.6 9.4 uo=0.34
i 42 27.6 8.8 9.4
g 76F12 33 14 11.1 4.9 3.8
14 11.1 4.5 3.8
76F15 30 30 19.1 6.0 6.5 |
30 19.1 6.3 6.5 -
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Table 4.2 (continued)
Test c o Ceff T Tealc
No. (m/s}) (MPa) {MPa) (MPa) (MPa) Material
76737 20 35.1 31.6 4.2 4.1
76F 38 20 34.0 30.7 4,1 4.0 Bronze
76F 39 20 44.5 38.9 4.5 5.1 £ = 6.6 GPa m/s
76F40 20 41.0 36.2 5.3 4.7 L= 0.13
716F41 20 45.7 39.8 6.5 5.2
76F42 20 296.0 121.0 14.8 15.7
76F43 20 13.9 8.7 1.7 1.7 Teflon
76F44 20 23.6 10.7 1.9 2.1 (& = 0.6 GPa m/s
76F45 20 36.3 10.8 2.1 2.1 u =0.20
76F46 20 44.2 10.1 2.1 2.0
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Figure 4.7 Friction data for teflon recast in
terms of ¢ £F° Symbols as in
Figure 3.1.
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The dependence of frictional behavior on the thermal
conductivity of a small sample sliding on a large, high ther-
mal conductivity wheel Is not as would be expected from the
analysis of Jaeger(3). Jaeger's analysis indicates that
the temverature at the sliding surface, and therefore, presuma-~
bly the energy dissipation, for high sliding velocities will
be virtually independent of the thermal conductivity of the
small sliding sample, especially if the sample has a lower
thermal conductivity than does the substrate. We have no
explanation for the disparity between Jaeger's analysis and
our results except that perhaps the mathematical model of

Jaeger is too simplified to apply to the present results.

4,3 Variability of u

Ve see from Table 4.1 a wide variation in the slope of
T with Oaff® Values cf v as low as 0.13 (for bronze) and as
high as 0.50 (for tuff) are seen.

In an investigation of static friction between soils
and steel under low normal stresses, Potyondy(4) found that
the ratio of th2 measured friction to “he tangent of the angle
of internal fric*ion range” from 0.39 to 0.93. Since 1/0
in Equation (2) approaches u at low velocity and low normal
stresses, it is appropriate to compare the present results
with his. The angle of friction has been determined for
four of the materials included in the present study. The
values of tan ¢ are compared with those of p in Table 4.3.
The range of u/tan ¢ seen in the present study is comparable
to that of Potyondy(4). More extensive work on a compre-
hensive suite of rocks would be necessary to determine the
presence of a systematic relation between p/tan ¢ and other
material properties.

For the rocks and rock-like materials, we notice that
those with a high percentage of potentially volatile material
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Table 4.3 Sliding friction and internal friction

for rocks and grout. ¢ is the angle of
internal friction determined from the

Mohr envelope for ultimate strength at
low confining pressire.

Material tan¢ b uw/tand Reference
TTR Tuff 0.58 0.50 0.86 (5)
Dakota Sandstone 0.53 0.39 0.74 (6)
Solenhofen Limestone 0.43 0.14 0.33 (7)
AVCO Grout 0.70 0.34 0.49 (8)
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such as limestone, sand-cement grout and wet sandstone, have
lower values of p than do the dry rocks with no volatile
components. This suggests that friction in wet or carbona-
ceous rocks is strongly affected by vapor formation. 1In the
case of water-bearing rocks, the vapor is water vapor pro-
duced either by heating interstial water or by dehydrating
hydrous minerals. 1In the case of limestone the volatile

material must be COjp produced by thermal breakdown of CaCOj.

It is, of course, dangerous to extrapolate the results
for a small suite of rocks to the general case of all rocks.
However, in view of the expense of obtaining such data, we
feel that it is incumbent upon us at least to speculate. If
we extrapolate these results to other rock types, we would
anticipate that all carbonaceous rocks would have relatively
low friction coefficients and that limestones might have
lower coefficients than dolomites since higher temperatures
are required to drive CO, out of dolomites than out of lime-
stones. In the case of water-bearing rocks or porous rocks
we would expect that any porous rock in a wet condition,
whether saturated or unsaturated, would show appreciably
lower coefficients for friction than the same rock in a dry
condition. The number of rocks that we have looked at in the
present study is insufficient to draw any conclusions as to the
relative effectiveness of interstial water or bound water on
frictional behavior of rocks.

Almost all soils contain appreciable amounts of water,
as both bound water and interstial water. Because of this
fact we would expect that low values of y would be associated
with soils. Furthermore, their low strength suggests that T,
must be negligible for soils. In the absence of any direct
data we would suggest a friction law for soils of the form

T = k tang o ewco/GOO MPa-.m/s

(3)
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where k is the ratio u/tan¢ suggested by Potyondy for that
type of soil. In this form we have used a low value of £

because of the low thermal conductivity of many soils.

4.4 Extrapolation of t

In order to apply the present results to penetration
problems of interest, we must extrapolate the data taken for
sliding velocities of no more than 30 m/s at normal stresses
below 100 MPa into the range of sliding velocities up to sev-
eral 100 m/s and normal stresses in excess of 1 GPa. Such an
extrapolation of two orders of magnitude or more in the product
co is clearly fraught with danger. As discussed below, we
anticipate that the extrapolation will be valid. However,
there are some results from previous investigations of metal-
on-metal sliding friction at high velocities which indicate
that there may be an increase in friction coefficients as we
proceed to higher sliding velocities or higher normal stresses
than included in the present investigation. These results are

discussed by Bowden and Taber(g).

In summary, it is found that for high melting point
metals, sliding on other metals, the coefficient of friction
drops monotonically as sliding velocity is increased for a
given normal force. However, for low melting point metals,
the coefficient of friction first drops and then climbs once
again to values near the zero-velocity value; in some cases it
is noted that at even higher velocities the coefficient of

friction once again begins to drop to very low values.

This phenomenon is explained by a change in the basic
nature of the surface upon which the sliding occurs. At low
velocities, where only moderate amounts of heat are generated
at the sliding surface, all sliding occurs on small asperities
on the surface. 1In other words, only a very small portion of

the surfaces are actually in contact. As the sliding velocity




increases, the temperature of these contact points increases

and very rapidly exceeds the melting point of the material.

As the velocity increases further, the temperature of the molten
material in the small contact areas increases, reducing the
viscosity and thereby reducing the effective friction. However,
if the sliding velocity continues to increase, eventually the
area of contact begins to increase so that the energy loss in the
small molten areas becomes very great. At some point the in-
crease 1in area 1s more important than the increase in frictional
energy. Thus, there is a larger area at lower temperature with
a high viscosity and therefore a higher tangential force.

Finally, after the entire gross sample area is molten, further

increases in velocity increase the contact temperature and decrease

the friction. This behavior is shown schematically in Figure 4.8.

The present results which show a maximum in tangential
force with increasing speed at a given normal stress, might be
supposed to lie in either the left-hand or right-hand portion
where 1t decreases as ¢0 increases. Observations of sample sur-
faces and of the steel wheel surface after tests indicate that
the entire contact area is covered with a thin layer of molten
steel. This observation leads us to conclude that it is likely
that coefficients of friction will continue to decrease as
sliding speeds and normal stresses are increased. However,
this conclusion is supported only by subjective observation of
samples after a test, and not by objective or numerical data.
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V. SUMMARY AND RECOMMENDATIONS

We have made measurements of frictional effects of
several materials sliding on a dry steel wheel. Materials
studied were welded TTR tuff, wet and dry Dakota sandstone,
Solenhofen limestone, sand-cement grout, bronze and teflon.
Sliding velocities were between 9.7 m/sec and 33 m/sec.
Average normal stresses ranged from 8.5 MPa to 296 MPa.

The frictional behavior of all these materials can be

-co/§

expressed as 1 = U0 e , where 1 is the tengential stress,

¢ is the normal stress, c¢ is the sliding velocity and u and

£ are properties of the material. & is the same for all the
rocks and the grout (2 GPa*m/s) but is higher for bronze

(6.6 GPa*m/s) and lower for teflon (0.6 GPa*m/s). The value of
£ may be proportional to the thermal conductivity of the
sample. Its units of energy flux suggzst that it is related to
the rate at which energy is lost from the sliding surface.

u is 0.50 to 0.39 for the dry, anhydrous rocks. It appears to
be decreased by the presence of pore water, bound water or

carbonate. (It is only 0.14 in limestone.)

Based on this data, it is tentatively proposed that
friction between soil and steel might follow the relation
T = xtan¢ @ e—cO/(GOO MPa'm/s). However, caution is suggested

in using this relation since no measurements on soil were made.

Caution is also required in attempting to extrapolate
this relation to velocities of hundreds of meters per second.
Metal on metal friction can exhibit wide excursions in p at
% speeds of that magnitude.

Based on this work we recommend the following work to
validate the above relation for cases of interest to penetrator
technology.
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1. Measurements should b2 made with rocks at high
sliding velocities (in excess of 100 m/s) and at higher normal

stresses (above 100 MPa).

2. Measurements should b2 made with soils and with an
extensive suite of rocks to determine if u/tan¢ can be related

to other material properties.

3. Measurements with high initial temperatures should
be undertaken. These measurements would be useful in quanti-

fving the importance of melting in decreasing sliding friction.

4., Because of the asymmetry of these tests and of the
penetration event, measurements should be made of steel sliding

on rock.

5. Apparatus to make the above measurements at high
velocities does not yet exist, hence, such an apparatus should
be developed. All the recommended measurements could be accom-
plished in a rocket sled test program. By comparing the pre-
sent results to the results of the recommended work, the sled
program could probably be accomplished in 15 to 20 runs.
Alternatively, special friction machines could be developed to

make the measurements.
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ATTN: Technical Library

The BDM Corporation
ATTN: Technlcal Library

The Boeing Company
ATTN: Aerospace Library

California Research § Technology, Inc.
ATTN: Ken Kreyenhagen
ATTN: Technical Library

Civil/Nucleat Systems Corp.
ATTN: Robeyt Crawford
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DEPARTMENT OF DEFENSLE CONTRACTORS (Continued)

DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

EG&G, Inc.
Albuquerque Division
ATTN: Technical Library

Engineering Societies Library
ATTN: Ann Mott

General Dynamics Corp.

Pomona Division
ATTN: Keith Anderson

General Electric Company

TEMPO-Center for Advanced Studies
ATTN: DASIAC

Georgia Institute of Technology
ATTN: S. V. Hanagud
ATTN: L. W. Rehfield

Honeywell, Incorporated
Defense Systems Division
ATTN: T. N. Helvig

Institute for
ATTN:

Defense Analyses
IDA Librarian, Ruth S. Smith

Kaman AviDyne
Division of Kaman Sciences Corp.
ATTN: Technical Library

Kaman Sciences Corp.
ATTN: Library

Lockheed Missiles § Space Co., luc.
ATTN: Technical Library
ATTN: M. Culp

Lockheed Missiles § Space Co., Inc.
ATTN: Tech. Info. Ctr. D/Coll.

Martin Marietta Aerospase
Orlando Division

ATTHR: Al Cowen

ATTN: M. Anthony

ATTN: H. McQuaig
Merritt Cases, Inc.

ATTN:
ATTN:

Technical Library
J. L, Merritt

University of New Mexico
Dept. of Campus Security and Police
ATTN: G. E. Triandafalidis

Newmark, Nathan M.
Consulting Engineering Services
University of Illinois

ATTN: Nathan M. Newmark
Pacifica Technology

ATTN: R. Bjork

ATIN: G. Kent

Physics International Co.

ATTN: Doc. Con. for Dennis Orphal
ATTN: Doc. Con. fur Tech. Lib.

ATTN: Doc. Con. for Larry A. Behrsann
ATTN: Dog. Con. for Charles Godfrey
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R & D Associates

ATTN: Paul Rausch

ATTN: Henry Cooper

ATTN: J. G. Lewis

ATTN: Harold L. Brode

ATTN: Arlen Fields

ATTN: William B. Wright, Jr.
ATTN: Technical Library
ATTN: Cyrus P, Knowles

The Rand Corporatior
ATTN: Tecnnical Library

Science Applications, Inc.
ATTN: Technical Library

Stanford Research Institute
ATTN: George R. Abrahamson

Systems, Science and Software, Inc.

ATTN: Technical Library
ATTN: Robert Sedgewick
ATTN: E. S. Gaffney

Terra Tek, Inc.
ATTN: Technical Library

Tk® Systems Group
ATTN: Tech. Info. Center/S5-1930
ATTN: Peter K. Dai, R1/2170

TRW Systems Group
ATTN: E. Y. Wong, 527/712

weidlinger Assoc. Consulting Engineers
ATTN: Melvin L. Baron
ATTN: J. M. McCormick

Weidlinger Assoc. Consulting Engineers
ATTN: J. Isenberg

General Electric Co.
ATTN: L. P. Sudrea

Communications Satellite Corp.
ATTN: Jim Petrousky




